. In-use stock of steel per capita in Japan by end uses estimated by top-down approach.
Introduction
Material flow analysis (MFA) is a method used to calculate the flow of materials throughout their life cycle, i.e. production, fabrication and manufacturing, use, and waste management in a society. The term substance flow analysis (SFA) is used when referring to specific substances. MFA/SFA is divided into two models: the static model, and the dynamic model. The static model analyses the flow of materials within national and regional boundaries over short periods of time, usually one year; whereas a dynamic model uses time-series input data on material flow to quantify the changes over multiple years. 1) MFA/SFA by static model have been extensively conducted since the 1990s, and many case studies over specified boundaries at a country and regional level have been reported. Case studies at a worldwide level for copper, 2) silver, 3) chrominum, 4) and steel 5) have also been reported. In comparison, MFA/SFA by dynamic model started in the 2000s. Since then, case studies for lead 6) in Europe, as well as copper 1) and steel 7) in North America have been reported. In our previous studies, we constructed dynamic material flow models for base metals including steel (crude steel and special steel), aluminum, and copper. [8] [9] [10] [11] [12] [13] [14] The goal of MFA/SFA is to investigate the potential of scrap recovery by estimating material in-use stocks in a society, and to quantify the amount of toxic substances that have been dissipated into the environment.
Basically, the method used for estimating material stocks in a society can be divided into two types: 1) the top-down approach, and 2) the bottom-up approach. The top-down approach is a method used to calculate material stocks by using annual time series statistical data for material production, economic input-output tables, and lifetime distributions of end-use products in a society. Many MFA/SFA studies adopted the top-down method. On the other hand, the bottom-up approach is used when the top-down approach cannot be used due to a lack of data. In the bottomup approach, the number of products within a specified boundary is quantified. Then, the material intensities of the products are multiplied by the number of products so as to give an estimate of material stocks. Drakonakis et al. 15, 16) used this approach to estimate steel and nickel stocks in New Haven, Conn., the United States. In Japan, most existing studies adopted the top-down approach, except for the Yoshimoto study, 17) reported more than 20 years ago, that used the bottom-up approach. Daigo et al. 18) distinguished steel stocks into two segments: "in-use stock" and "obsolete stock". The former comprises materials used in products in a society; whereas the latter comprises materials that remain in end-of-life products, but have no potential to be recovered as scrap. In this paper, steel stock means "in-use Recently, prices of natural resources have rapidly risen, so recovery of materials from the end-of-life products as secondary resources is of great interest. However, it is generally a challenging task to estimate the in-use stock of materials, especially in developing countries, because of lack of data. In this paper, two approaches, the top-down approach and the bottom-up approach, were adopted for estimating the in-use steel stock in end uses. The top-down approach uses time-series data of consumption and trade of materials and product lifetime data, whereas the bottom-up approach uses the numbers of units of a specified product in a designated area and its material intensities. In this paper, steel stock in Japan divided into seven end-uses was estimated by the top-down approach. Steel in-use stock in Japan was estimated as ap- stock" of steel.
In this paper, steel stock in seven end-use categories in Japan was estimated by the top-down approach. Steel stock as automobiles in Japan was also estimated by the bottomup approach and compared with the results obtained by the top-down approach. Complementary use of the two approaches is helpful in estimating steel stock in regions where data availability is poor. Therefore, the data used in the bottom-up approach for Japan were applied to other countries. Specifically, steel stock in automobiles in the United States was estimated by both approaches and the results were discussed.
Top-down Approach for Estimation of Steel Stock in Japan
Steel stock in seven end-uses in Japan was estimated by the top-down approach. The top-down approach used in this paper is the population balance model (PBM), the same method as Daigo et al. 18) The PBM calculates the amount of discards and stocks dynamically from the domestic demand since the start of the period in question, and also the lifetime distribution for each end-use. In this paper, some assumptions for the PBM used in a previous study 18) were modified. Here is an outline of our estimation method.
In this paper, steel stock was divided into seven end-use categories; buildings, civil engineering, machinery, passenger cars, trucks and buses, containers, and other products.
The summary of the method for estimation is shown in (4) industrial scrap and net exports of (5) indirect trade. Corresponding classification of the end-use among statistics is shown as Table 1 . Consumption for an end-use in the statistics "Others for construction" was distributed in the same amounts to two of the seven end-use categories in this study, "Buildings" and "Civil engineering" in all periods. The end-use "Others for construction" covers both use in buildings use, such as architectural hardware and associated materials for buildings, as well as civil engineering use, which includes other architectural materials and materials used by constructors. According to statistics, 19) both categories are almost the same in these years.
Automobiles were divided into two end-use categories, passenger cars and trucks/buses, because of the difference of lifetime. Two sets of data were used for the distribution. One was production and new registrations data 20) for passenger cars and trucks/buses from 1958 to 2006. The other was steel intensities for both vehicle categories, that is the amount of steel used in a unit of a vehicle, which were estimated using selected statistics. [20] [21] [22] [23] Finally, (8) in-use stock of steel was estimated in each end-use by using (7) lifetime distribution. Lifetime distribution functions and parameters referred to the previous study by Daigo et al. 18) © 2009 ISIJ Table 1 . Category of application and corresponding categories in statistics. 
Bottom-up Approach for Estimating Steel Stock as Automobiles in Japan
The bottom-up approach was used to estimate steel stock as automobiles in Japan. In practice, steel stock as automobiles was estimated by multiplying the number of automobiles by the steel intensity of automobiles per unit. Passenger cars, trucks, and buses were taken into account in this research. The steel intensity of passenger cars was estimated as time-series data. In the case of trucks and buses, it was estimated in 2007 and was assumed to be constant prior to 2007. Although the number of passenger cars denotes the number of cars in use at that time, the steel intensity of passenger cars is the value for cars produced at that time. So there is a time gap between them. To correct for this gap, five-year-old steel intensity was multiplied by the current number of cars, because the average lifetime of a passenger car is approximately 10 years. 24) Here is the method used for estimating the steel intensity of passenger cars: The transitions of weight and proportion of steel for an average passenger car were obtained for every five years from 1973 to 2001, from a report.
25) The average amount of steel consumed in the production of a passenger car was obtained from another report. 23) To consider the process yield, the generation rate of industrial scrap in 1980 was used for an estimation of steel intensity. The time-series change of steel intensity in passenger cars is shown as Table 2 . Next, here is the method used for estimating the steel intensities of trucks and buses, which includes special-use vehicles and heavy special vehicles. The numbers of trucks, buses, special-use vehicles, and heavy special vehicles registered at the end of March in 2007 were obtained from statistics, 21) which were classified by their complete vehicle kerb mass and maximum authorized total mass. The average weight of each type of vehicle was estimated as the weighted average of kerb mass. As for vehicles with a kerb mass of more than 10 000 kg, the number of vehicles 21) classified by maximum authorized total mass was used because they were not distinguished in kerb mass.
To convert the maximum mass into kerb mass, the relation between them was obtained from a catalog. 22) Table 3 shows average weights of trucks, buses, special-use vehicles, and heavy special vehicles. Finally, steel intensity was estimated by multiplying these data and steel proportion of trucks and buses. 23) Figure 2 shows steel stock classified into five end-use categories in Japan estimated by the top-down approach. Containers do not appear as stock because their lifetime is less than a year. Automobiles include passenger cars as well as trucks and buses, although they were dealt with separately during the PBM. Figure 2 shows that steel stock in Japan has continuously been increasing. It also shows that around a half of the steel stock is stock as buildings, and steel stock as buildings has especially been increasing at a high rate. At the end of 2006, the steel stock in Japan was estimated at approximately 1 000 Tg. Steel stock in Japan at the end of 2006 was also estimated as approximately 1 300 Tg by the "Year Book of Ferrous Raw Material Statistics". 25) This is because this study treats in-use stock and the "Year Book of Ferrous Raw Material Statistics" treats not only in-use stock, but also obsolete stock. Daigo et al. 18) reported overall stock as approximately 1 220 Tg and in-use stock as 940 Tg at the end of 2000. The results of this current study are almost the same as the previous one. In addition, This current study showed steel stock classified by five end-use categories. in Japan was estimated as approximately 8 000 kg/cap. In comparison, Müller et al. 7) reported steel stock per capita in the United States as from 11 000 kg/cap to 12 000 kg/cap from 1980. Comparing the two estimations with each other, it can be seen that overall steel stock per capita in Japan is smaller than that in the United States. Steel stock per capita as buildings and civil engineering in Japan, and that as construction as the total of buildings and civil engineering in the United States are almost the same, at 6 000 kg/cap. Therefore, the difference of the total steel stock between Japan and the United States. is caused by other end-uses. Although steel stock per capita in the United States peaked around 1980, in Japan it has been gradually increasing.
Results

Steel Stocks in Japan
The next result, shown in Fig. 4 , is steel stock as automobiles estimated by the top-down approach and the bottomup approach. Figure 4 indicates a gap of 20 Tg between the two estimations. It is believed that the use of both approaches caused the gap. In the case of the top-down approach, uncertainty regarding steel input flow is one factor, because the data used contain not only statistical data, such as steel production and consumption, but also indirect trade data that cannot be obtained from statistics. As for the bottom-up approach, uncertainty regarding steel intensity is one factor. For example, passenger cars in use include cars manufactured a few decades ago, although the steel intensity of five-year-old passenger cars is used. Especially, as Table 2 shows, steel intensity has been increasing rapidly. So, the five-year-old steel intensity may not reflect this rapid increase. Furthermore, steel intensity of trucks and buses is set as constant. Such factors in the two approaches caused the gap in the result.
This section is summarized as follows. The top-down approach has an advantage in terms of time-series estimation. For example, it can take the change of steel intensity into consideration. However, it needs time-series data of steel consumption by end-use and lifetime distribution of each end-use. Therefore, it can be used in definite regions where enough statistics are available. For its part, the bottom-up approach has an advantage in that it can divide steel stock into end-uses as detailed as possible. But it is not suitable in estimations for products with a steel intensity that changes rapidly with time.
Steel Stock as Automobiles in Other Countries
We examined the performability of the bottom-up approach in other countries. Specifically, the United States was selected as an area because steel stock there has been estimated by the top-down approach in a previous study. 7) Steel stock as automobiles estimated by the bottom-up approach was compared with the result reported in the previous study, in which steel stock as automobiles was estimated as a part of transportation. Transportation includes automobiles, railroads, aircraft and ships. Steel stock as automobiles was presumed to be 90 % of transportation as a whole because the steel consumption share of automobiles in transportation was approximately 90 % over the past 10 years. As for the bottom-up approach, steel intensity of passenger cars was assumed to be the same as that in Japan. Steel intensity of buses was assumed to be the same as that of trucks because only the total number of trucks and buses was obtained from statistics.
20) Some references 28, 29) indicate that the average carrying capacity in the United States is 14 000 kg and that in Japan is 4 000 kg. Then, the average kerb mass of trucks, which has 14 000 kg of the carrying capacity, was calculated in Japanese trucks using the same method of bottom-up approach in Japan, which resulted in 9 840 kg/unit. That of trucks, which has 4 000 kg of the carrying capacity, was 3 760 kg/unit. Steel intensity of trucks in the United States was estimated at 6 420 kg/unit by multiplying the ratio of the two average kerb masses by the steel intensity of trucks in Japan. Figure 5 shows the comparison of steel stock as automobiles in the United States between the estimates by both approaches. The average lifetime of automobiles in the United
States was set at three values: 15 years, 20 years, and 30 years because of a lack of empirical data. This uncertainty caused the range shown in Fig. 5 . The value named "longer lifetime" was estimated by using 30 years as the average lifetime. Medium lifetime and shorter lifetime were 20 years and 15 years, respectively. On the other hand, steel stock estimated by the bottom-up approach also had a range because of the uncertainty regarding steel intensity. As three average lifetimes were used, three different steel intensities were used: i.e., 8-years ago intensity, 10-years-ago intensity, and 15-years-ago intensity. They were determined as a half of the average lifetime in the same way as the bottom-up approach in Japan. Figure 5 shows that the range of the bottom-up approach is included in the range of the previous study. It indicates that the bottom-up approach is applicable method for estimating steel stocks, like the topdown approach. Further research is required to perform a more accurate or more detailed estimation by the bottom-up approach.
As stated above, although both approaches have uncertainties, complementary use of the two approaches is helpful to confirm the results obtained by the other method. There are three points to keep in mind to reduce uncertainties. The first point is to consider the manufacturing year in the bottom-up approach when steel intensity of the products has dramatically changed over the past several years. As an extreme example, if the target material is used for the products only from a certain number of years ago, the number of products needs to be distinguished by the manufacturing year. The second point is the uncertainty of product lifetime distribution in the top-down approach. In general, there are few products whose lifetime distributions are obtained. Therefore, Müller et al. 7) used some lifetime distributions and analyzed the uncertainty. The third point is the difference of parameters; i.e., steel intensities and lifetime distributions, from region to region in both approaches. This difference has already demonstrated above as the steel intensities of trucks in Japan and the United States. As for lifetime distributions, the average lifetime of passenger cars in Japan is approximately 12 years and that of transportation in the United States is approximately 20 years. 7) Steel stock as a specific end-use could be estimated by using either approach while addressing the above three points even in some regions, such as Asian countries, that do not have enough statistical data. Especially in the case of automobiles, steel stocks could be estimated by using the bottomup approach for two reasons. One is that automobiles are standardized industrial products throughout the world. The other is that the number of automobiles is easily obtained in many countries.
20) It is needless to say that steel intensities need to be adjusted by using parameters such as the average carrying capacities.
Conclusion
In this study, the time series of steel stocks classified by seven end-uses in Japan were estimated by using the topdown approach. Steel stock as automobiles in Japan and the United States were estimated by using the bottom-up approach. The estimations had accordance with those estimated by the top-down approach, though some factors causing a gap were emerged. It indicates that complementary use of the two approaches helps to estimate steel stocks classified by end-uses, even in regions that do not have enough statistical data.
